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The effects of CO, enrichment on growth and N allocation of rice 
(Oryza safiva L.) were examined. The plants were grown hydropon- 
ically in growth chambers with a 14-h photoperiod (1000 pmol 
quanta m-’ s-’) and a day/night temperature of 25/20°C. From the 
28th to 70th d after germination, the plants were exposed to two 
CO, partial pressures, namely 36 and 100 Pa. The CO, enrichment 
increased the final biomass, but this was caused by a stimulation of 
the growth rate during the first week of the exposure to elevated 
CO, partial pressures. The disappearance of the initial stimulation 
of the growth rate was associated with a decreased leaf area ratio. 
Furthermore, CO, enrichment decreased the investment of N in the 
leaf blades, whereas the N allocation into the leaf sheaths and roots 
increased. Thus, the decrease in leaf N content by CO, enrichment 
was not due to dilution of N caused by a relative increase in the 
plant biomass but was due to the change in N allocation at the 
whole-plant level. We conclude that the growth responses of rice to 
CO, enrichment are mainly controlled by leaf area expansion and N 
allocation into leaf blades at the whole-plant level. 

Whereas short-term (seconds to hours) CO, enrichment 
enhances the photosynthetic rate, long-term (weeks to 
months) CO, enrichment frequently suppresses photosyn- 
thesis (for reviews, see Stitt 1991; Bowes, 1993; Petterson 
and McDonald, 1994). Similarly, although plant mass is 
enhanced under CO, enrichment, the increase in the final 
plant mass by the prolonged exposure to elevated partial 
pressures of CO, is much less than that expected from the 
initial increase in photosynthesis (Badger, 1992; Koike, 
1993; Masle et al., 1993; Mitchell et al., 1993). Thus, the 
suppression of photosynthesis by long-term CO, enrich- 
ment may be closely related to the whole-plant growth 
under CO, enrichment. However, the physiological and 
biochemical mechanisms that suppress photosynthesis in 
plants growing in elevated CO, partial pressures have not 
been elucidated. 

The suppression of photosynthesis by CO, enrichment is 
always associated with a decrease in total leaf N content 
(Conroy and Hocking, 1993; Tissue et al., 1993; Delgado et 
al., 1994; Rogers et al., 1996; Roumet et al., 1996). In our 

companion paper (Nakano et al., 1997) we report that the 
suppression of photosynthesis in rice (Oryza sativa L.) 
leaves grown under conditions of CO, enrichment can be 
simply accounted for by a decrease in leaf N. In this study 
we first analyzed the growth rate of rice plants under CO, 
enrichment in detail, and then, to elucidate the physiolog- 
ical implications of the decrease in leaf N content by CO, 
enrichment, we investigated the effects on biomass and N 
allocation at the whole-plant level. 

MATERIALS AND METHODS 

Rice (Oryza sativa L. cv Notohikari) plants were grown 
hydroponically in an environmentally controlled growth 
chamber (Makino et al., 1994) equipped with a CO, partial 
pressure controller. The chamber was maintained with a 
14-h photoperiod, 251 20°C day I night temperature, 60% 
RH, and a PPFD of 1000 pmol quanta m-* s-’ at plant level 
during the daytime. Irradiance was provided by a combi- 
nation of metal halide lamps (Toshiba, Yoko DF, Tokyo) 
and high-output fluorescent lamps (FPR 96 EX-N 1 A, Pa- 
nasonic, Tokyo). The rice seeds were soaked in tap water at 
30°C for 2 d, and the seedlings were grown for 19 d on a 
plastic net floating on tap water adjusted to pH 5.5. 

For experiment 1, four seedlings were transplanted to 
each of 24 3.5-L plastic pots containing nutrient solution. 
The basal nutrient solution was as previously described by 
Makino et al. (1988). The solution was continuously aer- 
ated, renewed once a week, and enhanced from one-third- 
to full-strength, depending on the plant growth (days after 
germination): one-third-strength, 21 to 35; one-half- 
strength, 35 to 42; two-thirds-strength, 42 to 49; and full- 
strength, 49 to 70. From the 28th day after germination, 
plants were grown under two CO, partial pressures, i.e. 
36 +- 4 and 100 2 5 Pa. Four plants in each pot were 
harvested every week between d 21 and 70, and the deple- 
tion of the nutrient solution was measured. The amount of 
the uptake by the plants was estimated by subtracting loss 
of nutrient solution without plants under the same condi- 
tions. 

For experiment 2, eight seedlings were transplanted to 
each of 12 3 . 5 - ~  plastic pots. ~h~ nutrient solution was 
supplied as described for experiment 1. From the 49th 
after germination/ two ‘O2 treatments were imposed! 36 ’ 
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4 and 100 +- 5 Pa. At the same time, plants were supplied 
with three N concentrations (mM): 0.5 (0.25 mM NH,NO,), 
2.0 (1.0 mM NH,NO,), and 8.0 (2.5 mM NH,NO, plus 3.0 
mM NaNO,) for each CO, treatment. These nutrient solu- 
tions were also renewed once a week and continuously 
aerated. AI1 plants were harvested on d 70. 

The harvested plants were divided into main shoots and 
tillers and then further separated into leaf blades, leaf 
sheaths, and roots. Stems did not develop in any plants 
during the experimental period, and their dry weights 
were negligible. The areas of the leaf blades were measured 
and the tillers were counted. The blades, sheaths, and roots 
were oven-dried at 80°C for more than 3 d, weighed, and 
milled. 

The RGR and the LAR were calculated from total dry 
weights and total leaf area of the shoots, and the NAR was 
calculated from the RGR and the LAR. 

Dried ground materials for determination of N content 
were digested with H,SO,/H,O, at 260°C. The N content 
was determined with Nessler’s reagent and a sample of the 
digestion solution after the addition of potassium sodium 
tartrate. 

RESULTS 

Growth Analysis (Experiment 1) 

The final dry weights of the shoots and roots of the rice 
plants grown in 100 Pa CO, were 43 and 27% greater than 
those of the plants grown in 36 Pa CO,, respectively (Table 
I). The total leaf area and the tiller numbers tended to 
increase slightly in the plants grown in 100 Pa CO,, but 
these differences were not statistically significant between 
the CO, treatments. Similarly, there were no differences in 
plant height and leaf stage between the CO, treatments 
(data not shown). 

The changes in RGR, LAR, and NAR after transfer to 
different CO, partial pressures are shown in Figure 1. 
During the first week a marked difference in the RGR was 
found, but then the two CO, treatments showed similar 
RGRs. Since the LAR was not different during the 1st week, 
the early difference in the RGR was due to an initial stim- 
ulation of the NAR by CO, enrichment. From 3 weeks after 
the transfer to different CO, partial pressures, the LAR was 
significantly lower in the plants grown in elevated partial 
pressures of CO, than in those grown in normal partial 
pressures of CO,, whereas there was no difference in the 
RGR. These results clearly showed that the difference in the 
plant shoot mass at final harvest (Table I) was caused only 
by an early difference in the RGR within the 1st week after 
CO, treatment. 
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Figure 1. Changes in RCR, LAR, and NAR of rice plants for succes- 
sive 7-d periods after transfer to different CO, partial pressures. 
Plants were grown hydroponically under two CO, partial pressures 
of 36 and 1 O0 Pa. The vertical bars indicate the SE (P < 0.05, n = 4). 
Where no bars appear the SE falls within the size of the symbol. 

Figure 2 shows the changes in total plant mass, including 
roots, depletion of nutrient solution, and the amount of N 
uptake estimated by the increase in whole-plant N. Al- 
though the depletion of nutrient solution increased with 
increasing plant mass, it was appreciably less in the plants 
grown in 100 Pa CO, than in the plants grown in 36 Pa CO,. 
When the water-use efficiency for growth was calculated 
by the dry weight increase per depletion of nutrient solu- 
tion per week, it was about 2-fold greater in the plants 
grown in elevated partial pressures of CO,, irrespective of 
growth stage. The N uptake was initially stimulated by 
CO, enrichment, but this difference disappeared from 3 
weeks after the transfer to elevated CO, levels. This disap- 
pearance was simply due to the amount of N supplied 

Table 1. Plant mass, total leaf area, and tiller numbers o f  rice plants at final harvest (70 d after germination) in experiment 1 

Data are means _t SE (n = 4). Values in parentheses are the ratios relative to the data obtained with the 36-Pa CO, treatment. 
Treatment Shoot Mass Root Mass Leaf Area Tiller No. 

g/p/ant cm2/p/ant Pa 
36 3.46 ? 0.2ga (100) 2.39 t 0.34” (100) 251 ? 50 (100) 8.5 5 1.1 (100) 
1 O0 4.96 ? 0.57” (1 43) 3.04 t 0.22” (127) 273 ? 30 (108) 9.3 5 0.4 (109) 

_ _ _ _ _ _ _ _ _ ~  

a The difference between CO, treatments was significant (P < 0.05). 
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Figure 2. Changes in total dry mass of rice plants, depletion of 
nutrient solution per week, and the amount of N uptake calculated as 
the increase in total N of the whole plants including roots per week. 
Symbols are the same as in Figure 1 .  The vertical bars in the top pane1 
indicate the SE (P < 0.05, n = 4), and no statistical analysis was done 
on depletion of nutrient solution and N uptake. 

being completely absorbed by the plants, irrespective of the 
growth CO, levels. 

Biomass Allocation and N (Experiment 2) 

Table I1 shows the biomass allocation in the shoots for 
the various CO, and N treatments. CO, enrichment in- 
creased the fraction of dry matter in the leaf sheaths more 

than it did in the leaf blades for a11 N treatments. In 
addition, this effect also depended on N nutrition, and it 
enhanced with increasing N supply. In contrast, the total 
leaf area at low N supply was decreased by CO, enrich- 
ment, but that at high N supply was little affected. CO, 
enrichment also affected the N allocation at the whole- 
plant level. The N investment in the leaf blades of the 
plants grown in elevated levels of CO, decreased for a11 N 
treatments, whereas CO, enrichment enhanced the alloca- 
tion of N to the leaf sheaths and roots (Fig. 3). Since N 
invested into leaf blades is the most important source for 
photosynthesis in the whole plant, these results suggest 
that plants regulate photosynthesis by changing N alloca- 
tion at the whole-plant level. Figure 4 shows the leaf area 
and N content in the leaf blades and sheaths at different 
leaf positions on the main culms of the plants grown at 2 
mM N. CO, enrichment decreased the leaf area of the top, 
fully expanded leaf (5th d after full expansion) but had 
little effect on that of the second leaf (14th d) and slightly 
increased that of the third leaf (21st d). The N contents in 
the top and second leaf blades were appreciably decreased 
by CO, enrichment, but that in the third leaf blade was not 
significantly different. In contrast, the N contents in the leaf 
sheaths at a11 of these positions were greater in the plants 
grown in elevated partia1 pressures of CO,. Since the top 
and second expanded leaves are the most photosyntheti- 
cally active organs of the whole plant, the decrease in N 
content of these leaves may be an especially important 
determinant for the suppression of photosynthesis under 
CO, enrichment at the whole-plant level. 

DISCUSSION 

Our detailed growth analyses of rice plants showed that, 
although elevated CO, enhanced the final dry weight of the 
plant shoots, the RGR was similar or slightly decreased 
except for during the first week of growth after transfer to 
CO, enrichment (Fig. 1). Similar growth responses have 
often been found in severa1 species such as Mimulus cardi- 
nalis (Badger, 1992), Eucalyptus (Wong et al., 1992), Abutilon 
theophrasti (Coleman et al., 1993), and Nicotiana tabacum 
(Masle et al., 1993). These results indicate that the increase 
in plant mass by CO, enrichment is caused only by an 
initial stimulation of the growth rate just after the exposure 
to elevated CO,, and that the subsequent CO, enrichment 
results in the cessation of the initial stimulation of the 

Table I I .  Biomass of the leaf blades and the leaf sheaths and total leaf area of rice plants at final harvest (70 d after germination) in 
experiment 2 

Data are means 2 S E  (n  = 8). Values in parentheses are the ratios relative to the data obtained with the 36-Pa CO, treatment. 
N Treatment Growth CO, Leaf Blade Leaf Sheath Leaf Area 

mM Pa dplant cm*/plant 
0.5 36 0.73 t 0.04 (100) 1.38 t 0.12 (100) 141 t 8”(100) 

2.0 36 0.89 t 0.02” (100) 1.45 2 O.Oga (100) 174 t 7a (100) 
148 t 14” (85) 

8.0 36 1.38 t 0.1 7a (100) 1.88 2 0.30a (100) 251 2 8 (100) 
242 t 22 (96) 

1 O0 0.79 t 0.09 (108) 1.55 t 0.21 (1 12)  109 t 2a (77) 

1 O0 

1 O0 

a The difference between CO, treatments was significant (P < 0.05). 

1 .O8 2 0.02a (1 21) 

1.73 t 0.1 3” (1 25) 

2.08 2 0.15a (143) 

2.73 t O.lga (145) 
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Figure 3. Total N content in leaf blades, leaf sheaths, and roots of 
rice plants at final harvest (70 d after germination). Plants were grown 
hydroponically under two CO, partial pressures of 36 and 100 Pa at 
N concentrations of 0.5, 2.0, and 8.0 mM. The percentage value 
above each column in the top panel shows the ratio of leaf-blade to 
whole-plant N. The vertical bar on each column in  the top and 
middle panels indicates the SE (P < 0.05, n = 8). No statistical 
analysis was done on the data in the bottom panel. 

growth rate. We propose that the decreases in the LAR and 
the N allocation into leaf blades at the whole-plant leve1 
observed in the present study are important factors in the 
suppression of the growth rate. 

The disappearance of the initial increase in the RGR 
induced by CO, enrichment is frequently associated with a 
decrease in the LAR (Fig. 1; Wong, 1990; Badger, 1992; 
Wong et al., 1992; Roden and Ball, 1996). A decrease in the 
LAR means a relative decrease in the ratio of leaf area to 
plant mass, and such a response can be interpreted as one 
of the growth adjustments to a suppression of enhanced 
photosynthesis per unit leaf area. Our results also indicated 
that in spite of the increase in shoot mass CO, enrichment 
had little effect on leaf area (Table I) or slightly decreased 
it (Table 11). However, many studies have shown that, 
although the LAR decreases, total leaf area is substantially 
increased by CO, enrichment (Wong, 1990; Wong et al., 
1992; Xu et al., 1994; Roden and Ball, 1996). This phenom- 
enon is thought to be due to enhanced branching and 
tillering (Mitchell et al., 1993; Koike, 1995; Samarakoon et 
al., 1995; Rogers et al., 1996). The leaf area in rice, in 
contrast to that of other plants, does not appear to be 
increased by elevated CO, partial pressures, despite the 
increase in tiller numbers (Imai and Murata, 1976; Morison 
and Gifford, 1984; Baker et al., 1990; Ziska and Teramura, 
1992; Morokuma et al., 1996; Ziska et al., 1996). The reason 
for this difference is not known, but the effect of CO, 

enrichment on leaf area may be complicated by the fact that 
the water status under which plants are grown is also 
affected by the levels of growth CO,. CO, enrichment 
reduces transpiration and consequently leads to improved 
water status for plant growth. The stimulation of leaf de- 
velopment by CO, enrichment may also be due to im- 
proved water status. For example, Samarakoon et al. (1995) 
reported that the enlargement of leaf area induced by 
elevated CO, levels in wheat disappeared under conditions 
of sufficient watering. Similar results were also obtained 
with pea by Paez et al. (1983). In the present study we grew 
the rice plants by water culture with continuous aeration. 
Thus, a11 of these results suggest the possibility that the 
investment in leaf area is originally reduced in the plants 
grown in elevated levels of CO, when water is abundant 
for growth. 

In the present study with rice plants grown in elevated 
CO, partial pressures, the N investment in the leaf blades 
also decreased, whereas the allocation of N into the leaf 
sheaths and the roots increased (Fig. 3). The decrease in 
leaf-blade N was especially evident in upper leaves (Fig. 4). 
These results indicate that our rice plants reallocated N 
away from the leaf blades into the leaf sheaths and roots, 
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Figure 4. Leaf area and N content in the leaf blades and leaf sheaths 
at different leaf positions on the main culms of rice plants grown at 
2 mM N (70 d after germination; final harvest). Column symbols are 
the same as in Figure 4. Leaves were numbered from the youngest 
fully expanded leaf, which was the 10th from the first leaf after 
germination. The vertical bar on each column indicates the SE (P < 
0.05, n = 4). 
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and the decrease in leaf-blade N was not due to a dilution 
of N caused by the relative increase in total biomass, leaf 
area, or other growth indices. Although there was no dif- 
ference in the N content of the third leaf blades (Fig. 4), this 
was probably due to the delay of the decrease in N content 
in lower leaves during senescence under CO, enrichment. 
The CO, enrichment decreased N allocation into upper 
leaves, which in turn may have reduced the N efflux from 
lower leaves. 

A decrease in leaf N content has been commonly found 
in many plants grown under CO, enrichment (Conroy and 
Hocking, 1993; Tissue et al., 1993; Delgado et al., 1994; 
Rogers et al., 1996; Roumet et al., 1996). In our companion 
paper (Nakano et al., 1997) we report that the suppression 
of photosynthesis by CO, enrichment can be simply ac- 
counted for by a decrease in leaf N content. Furthermore, 
although an apparently selective reduction of Rubisco was 
found for the plants grown in high partial pressures of 
CO,, this phenomenon was not the result of an optimiza- 
tion of N partitioning within a leaf under conditions of CO, 
enrichment but rather was the result of a decrease in leaf N 
content. In this study we found that the decrease in leaf N 
content was the result of a change in the N allocation at the 
morphogenic level of the whole plant. At the same time, 
these results suggest that plants regulate photosynthesis by 
changing their N allocation at the whole-plant level. Thus, 
such responses may be more important for plants as an 
adaptation strategy to high-CO, environments than bio- 
chemical responses at the level of the single leaf. We con- 
clude that the growth responses of rice to CO, enrichment 
are mainly controlled by leaf area expansion and N alloca- 
tion into leaf blades at the whole-plant level. 

Received March 4, 1997; accepted June 2, 1997. 
Copyright Clearance Center: 0032-0889 /97/ 115/ 0199/05. 

LITERATURE ClTED 

Badger MR (1992) Manipulating agricultura1 plants for a future 
high CO, environment. Aust J Bot 40: 421429 

Baker JT, Allen LH Jr, Boote KJ (1990) Growth and yield re- 
sponses of rice to carbon dioxide concentration. J Agric Sci 115: 
313-320 , 

Bowes G (1993) Facing the inevitable: plants and increasing atmo- 
spheric carbon dioxide. Annu Rev Plant Physiol Plant Mo1 Biol 

Coleman JS, McConnaughay KDM, Bazzaz FA (1993) Elevated 
CO, and plant nitrogen-use: is reduced tissue nitrogen concen- 
tration size-dependent? Oecologia 93: 195-200 

Conroy J, Hocking P (1993) Nitrogen nutrition of C, plants 
at elevated atmospheric CO, concentrations. Physiol Plant 89: 

Delgado E, Mitchell RAC, Parry MAJ, Driscoll SP, Mitchell VJ, 
Lawlor DW (1994) Interacting effects of CO, concentration, tem- 
perature and nitrogen supply on the photosynthesis and com- 
position of winter wheat leaves. Plant Cell Environ 17: 1205- 
1213 

Imai K, Murata Y (1976) Effect of carbon dioxide concentration on 
growth and dry weight production of crop plants. I. Effects on 
leaf area, dry weight, tillering, dry matter distribution ratio and 
transpiration. Proc Crop Sci Jpn 45: 598-606 

Koike T (1993) Ecophysiological responses of the northern tree 
species in Japan to elevated CO, concentration and temperature. 
In Y Oshima, ed, Proceedings of the International Geosphere- 

44: 309-332 

570-576 

Biosphere Programs Symposium, Waseda University Press, 
Tokyo, pp 425430 

Koike T (1995) Effects of CO, in interaction with temperature and 
soil fertility on the foliar phenology of alder, birch, and maple 
seedlings. Can J Bot 73: 149-157 

Makino A, Mae T, Ohira K (1988) Differences between wheat and 
rice in the enzymic properties of ribulose-1,5-bisphosphate car- 
boxylase / oxygenase and the relationship to photosynthetic gas 
exchange. Planta 174: 30-38 

Makino A, Nakano H, Mae T (1994) Responses of ribulose-1,5- 
bisphosphate carboxylase, cytochrome J and sucrose synthesis 
enzymes in rice leaves to leaf nitrogen and their relationships to 
photosynthesis. Plant Physiol 105: 173-179 

Masle J, Hudson GS, Badger MR (1993) Effects of ambient CO, 
concentration on growth and nitrogen use in tobacco (Nicofiana 
tabacum) plants transformed with an antisense gene to the small 
subunit of ribulose-1,5-bisphosphate carboxylase/oxygenase. 
Plant Physiol 103: 1075-1088 

Mitchell RAC, Mitchell VJ, Driscoll SP, Franklin J, Lawlor DW 
(1993) Effects of increased CO, concentration and temperature 
on growth and yield of winter wheat at two levels of nitrogen 
application. Plant Cell Environ 16: 521-529 

Morison TIL, Gifford RM (1984) Plant growth and water use with 
limited water supply in high CO, concentrations. I. Leaf area, 
water use and transpiration. Aust J Plant Physiol 11: 361-374 

Morokuma M, Yajima M, Yonemura S (1996) Effects of elevated 
CO, concentration and warming on growth and yield of rice. Jpn 
J Crop Sci 65: 222-228 

Nakano H, Makino A, Mae T (1997) The effect of elevated partial 
pressures of CO, on the relationship between photosynthetic 
capacity and N content in rice leaves. Plant Physiolll5: 191-198 

Paez A, Hellmers H, Strain BR (1983) CO, enrichment, drought 
stress and growth of Alaska pea plants (Pisum sativum). Physiol 
Plant 58: 161-165 

Petterson R, McDonald JS (1994) Effects of nitrogen supply on the 
acclimation of photosynthesis to elevated CO,. Photosynth Res 
39: 389400 

Roden JS, Ball MC (1996) The effect of elevated [CO,] on growth 
and photosynthesis of two eucalyptus species exposed to high 
temperatures and water deficits. Plant Physiol 111: 909-919 

Rogers GS, Milham PJ, Gillings M, Conroy JP (1996) Sink 
strength may be the key to growth and nitrogen responses in 
N-deficient wheat at elevated CO,. Aust J Plant Physiol 23: 

Roumet C, Bel MP, Sonie L, Jardon F, Roy J (1996) Growth 
response of grasses to elevated CO,: a physiological plurispe- 
cific analysis. New Phytol 113: 595-603 

Samarakoon AB, Miiller WJ, Gifford RM (1995) Transpiration 
and leaf area under elevated CO,: effects of soil water status and 
genotype in wheat. Aust J Plant Physiol 22: 3344 

Stitt M (1991) Rising CO, levels and their potential significance 
for carbon flow in photosynthetic cells. Plant Cell Environ 14: 

Tissue DT, Thomas RB, Strain BR (1993) Long-term effects of 
elevated CO, and nutrients on photosynthesis and Rubisco in 
loblolly pine seedlings. Plant Cell Environ 16: 859-865 

Wong SC (1990) Elevated atmospheric partial pressure of CO, and 
plant growth. 11. Nonstructural carbohydrate in cotton plants 
and its affect on growth parameters. Photosynth Res 23: 171-180 

Wong SC, Kriedemann PE, Farquhar GD (1992) CO, X nitrogen 

253-264 

741-762 

interaction on seedling growt6 of four 
T Bot 4 0  457-472 

X u  D-Q, Gifford RM, Chow WS (1994) Photosynthetic acclima- 
tion in pea and soybean to high atmospheric CO, partial pres- 
sure. Plant Physiol 106: 661-671 

Ziska LH, Teramura AH (1992) Intraspecific variation in the 
response of rice (Oryza sativa) to increased CO,. Photosynthet- 
ic biomass and reproductive characteristics. Physiol Plant 84: 
269-274 

Ziska LH, Weerakoon W, Namuco OS, Pamplona R (1996) The 
influence of nitrogen on the elevated CO, response in field- 
grown rice. Aust J Plant Physiol 23: 45-52 


